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Abstract 
The article is devoted to the calculation and experimental determination of Coriolis flowmeter case vibrations modes. The case of 
the flowmeter is welded of thin steel plates 12H18N10Ɍ. It is determined that calculated and experimental modes of vibrations of 
some elements of a case free from welded joints vary by 3%. After all the elements are welded the modes of case vibration vary 
by over 50%. Such great variation can be explained by two reasons, i.e., influence of residual stresses after welding and case 
deformation due to the mentioned stresses. By means of coordinate measuring manipulator “Stinger II” highly precise surface 
measurement is held. Then finite-element calculation of model is performed with consideration to the real geometry of the object. 
To check the influence of residual stresses on case vibration modes one employs stress relieving.  
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of the International Conference on Industrial Engineering (ICIE-
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1. Introduction 
Coriolis flowmeter is designed to measure mass flow rate of gases and liquids. It consists of a case and two U-
shaped oscillating pipes where liquid flows. The overview of various Coriolis flowmeters is given in [1, 2], and 
precise description of operation in [3]. 
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Relative position of vibration modes housing and pipes of a flowmeter can influence the precision of liquid 
flowrate. That is why the research task of the dynamic characteristics of the housing seems up-to-date. 
It is determined that oscillation modes of pipes obtained through finite element method and experimentally 
practically, coincide, so the case of the flowmeter is free from pipes. 
The housing of the flowmeter is made of steel 12H18N10Ɍ. It consists of a massive base, two plates and boards 2 
mm thick. For more structural stiffness two bushes are inserted between the plates 2 mm thick. All elements of the 
housing are welded in shielding gas with non consumable electrode. The housing plan is given in Fig. 1. 
2. Methods 
For calculation of vibration modes of the housing shell-type and volumetric finite element models are formed 
(Fig. 2). The difference between modal frequencies of both models shall not exceed 3%, so in further calculations 
only shell-type model is employed being less time-consuming from the point of view of calculation [4, 5]. To 
verification of the finite element model experimental determination of oscillation modes of the case was held [6, 7]. 
At experimental determination of modal characteristics of the housing impact excitation of vibrations is employed 
[8, 9, 10]. In the experiment the housing is hung on flexible mounts against the pipes of the housing base. 
Tests are held upon the employment of program hardware system which includes: 
x measuring equipment LMS SCADAS Recorder to acquisition and processing dynamic signals, 40 channels; 
x program module LMS Test.Lab Impact Testing for modal impact testing and processing its results; 
x impact hammer  PCB 086C03 with an in-built sensor of the force; 
x triaxial accelerometers  PCB 356A32 with sensitivity level 100 mV/g. 
To estimate the conformity of experimental and calculated eigenforms the criteria of modal assurance is selected 
(Modal Assurance Criterion) MAC [11, 12]. The MAC between two mode shape vectors {ȥ}e (experiment) and {ȥ}c 
(calculation) is defined as 
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Fig. 1. The plan of a housing: 1 – base; 2 – plate; 3 – board; 4 – bush. Fig. 2. Finite element mesh. 
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If vectors {ȥ}e ɢ {ȥ}c are estimation of one and the same mode shape, then the modal assurance criterion aims 
for 1, if mode shape vectors are estimation of two various mode shape then  the value of criterion must aim for 0. 
This conclusion is based upon the feature of orthogonality of eigenmode shapes. 
In Figure 3 and in table 1 the comparison between calculated modes of vibrations and experimental ones are 
given as per ɆȺɋ. The difference between calculated (fc) and experimental (fe) eigenfrequency is determined as 
100%.
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3. Results and discussion 
From table 1 one concludes that the oscillation modes of housing determined in the course of the experiment and 
calculation differ over 50%. To research the reasons of divergence of results in experiment and calculation the 
housing is examined as separate parts.  
 
Table 1. Comparison between calculated and experimental modes of housing oscillation. 
No. fc, Hz fe, Hz į, % MAC 
1 365.0 231.1 58 0.69 
2 418.5 291.2 44 0.95 
3 429.6 282.2 52 0.85 
4 581.6    
5 683.5 376.6 81 0.13 
 
In Fig. 4 the geometry of the plate free from welded parts is shown (position 2 in Fig. 1). The thickness of plate is 
2 mm, the plate has a forged cavity 72 mm in diameter, and 5 mm depth in the middle and two holes 13 mm in 
diameter. The first seven oscillation modes of the plate received by finite element method and experimentally differ 
less than by 3%. ɆȺɋ is given in Fig. 5. So, judging by coincidence of vibration modes of the plate the conclusion 
comes that the geometry of the model and material properties (thickness and elasticity modulus) in the calculation 
are given correctly. 
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Fig. 3. Comparison between calculated and experimental shapes of 
housing oscillation according to ɆȺɋ. 
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Fig. 6. Plate with boards. 
 
One of the most probable reasons of difference between calculated and experimental oscillation modes of welded 
structure (at coincidence of modes of elements) is failure to take welding into account.  
To research the impact of welding on oscillation modes the welded structure consisting of a plate with boards is 
considered (Fig. 6). The difference between first 10 frequencies obtained through calculation and experiment for 
different shapes consists of 10 – 30%. At that some frequencies in calculation are higher than in the experiment, and 
some are lower.  
 
Welding of boards on the plate lead to changes in the structure geometry. To estimate the impact of this change 
on oscillation modes by means of coordinate measuring manipulator “CimCore Stinger II 4030” the structure was 
measured in 1,000 points [13]. Employing measured point positions in the SolidWorks the surfaces are built 
repeating the surfaces of real structure. Then the geometry is sent over to the ANSYS, and finite element model is 
formed. Allowance for deformation almost had no impact on vibration modes of a plate with boards.      
To estimate impact of residual stresses appearing after welding on oscillation modes of the structure the 
tempering is performed. The tempering allowed removing residual stresses in the structure. After tempering the 
difference between the first 10 calculated and experimental eigenfrequencies of the plate with boards was 
approximately 6% (before tempering it was 10 – 30%). In 6 out of 10 mode shape MȺɋ exceeded 0.8. The 
comparison between calculated and experimental oscillation modes before tempering and after it is shown in Fig. 7 
and in table 2. 
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Fig. 4. Plate sizes. 
84.2 Hz 
112.4 Hz 
170.4 Hz 
191.0 Hz 
281.3 Hz 
308.9 Hz 
356.9 Hz 
83
.4
 H
z 
28
7.
9 
H
z 
16
9.
3 
H
z 
19
6.
1 
H
z 
38
2.
8 
H
z 
33
1.
8 
H
z 
10
4.
3 
H
z 
0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1 
Experimental values 
C
al
cu
la
te
d 
va
lu
es
 
Fig. 5. Comparison between calculated and experimental forms of plate 
vibration according to ɆȺɋ. 
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So, the main reason of difference between calculation and experiment lies in failure to consider residual stresses 
after welding. Thermal physical properties peculiar to highly alloyed steel determine some of their qualities of 
welding. The reduced heat conduction coefficient at other equal conditions varies considerably the distribution of 
temperatures in the seam and conjoint area. And considering the heightened thermal expansion coefficient the shape 
distortion of product raises [14].  
The impact of residual stresses on eigenfrequencies is considered by the example of a beam at works [15, 16]. 
The impact of residual stresses on resonance frequency of sensor membranes is researched at works [17, 18]. Ways 
of determining residual stresses are considered at works [19, 20]. From the overview of these works and results 
obtained in the article one can conclude that residual stresses can have a lot of impact on structure oscillation modes. 
Table 2. Comparison of calculated and experimental oscillation modes of a housing part. 
Calculation Before tempering After tempering 
No. f, Hz f1, Hz į1, % MAC1 f2, Hz į2, % MAC2 
1 92.8 134.8 31.2 0.78 91.8 1.1 0.86 
2 143.1 181.2 21 0.79 137.8 3.8 0.9 
3 203.2 164.5 23.5 0.76 217 6.4 0.91 
4 248.7 222.6 11.7 0.51 239.8 3.7 0.81 
5 286.3 301.2 4.9 0.78 268.9 6.5 0.86 
6 353.3 313.7 12.6 0.58 330.1 7 0.82 
7 391.5 358.5 9.2 0.2 384.8 1.7 0.72 
8 408.7    377.8 8.2 0.61 
9 428.5 418.1 2.5 0.3 409.5 4.6 0.37 
10 506 408.2 2 0.73 461.4 9.7 0.59 
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Fig. 7. Comparison between calculated and experimental forms of case vibration according to ɆȺɋ. 
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4. Conclusion 
In the paper the main reason of difference between calculated and experimental oscillation modes of thin-walled 
welded case of Coriolis flowmeter was found out and proved. It is determined that residual stresses after welding in 
the housing part influence its own mode shapes, and lead to change of eigenfrequencies by 10 – 30%. 
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